Selecting an appropriate contractor is essential for the success of any construction project. Contractor prequalification procedure makes it possible to admit for tendering only competent contractor. Prequalification is a multi-criteria decision problem that is, in essence, largely dependent on the uncertainty and vagueness in the nature of construction projects and subjective judgement of the decision-maker. This paper presents a systematic prequalification procedure, based on Fuzzy Set Theory, whose main differences and advantages in comparison with other models are the use of an algorithm to handle the inconsistencies in the fuzzy preference relation when pair-wise comparison judgements are used and the use of linguistic assessment or exact assessment of performance of the contractors on qualitative or quantitative criterion, respectively. Finally, a case study for the rehabilitation project of a building at Technical University of Cartagena is presented to illustrate the use of the proposed model and to demonstrate its effectiveness.
Introduction
The complexity and adversity of the current construction industry aggravate the various risks and uncertainties faced by contractors, which influence their ultimate performance levels. The adequate selection of suitable contractors is directly related to construction project success and the achievement of specified objectives, therefore contractor selection constitutes a critical decision for any project manager [1, 2] .
Several pre-selection procedures such as open tendering, selective/restricted tendering, prequalification or negotiation are currently practiced for contractor selection [3] . In an open tendering process every contractor can apply and after a bids evaluation process, the optimal bid is awarded the contract. When a construction contract involves special expertise and high technology, the adequate selection process is selective or restricted tendering because only the contractors who fulfil project requirements can apply for this procedure. Prequalification is the process of screening contractors where the capabilities below which contractors will be considered are established. Finally, when the contract is too complex, or there is an emergency situation, or when no application is made for the other mentioned procedures a negotiation procedure is implemented.
Traditionally, one of the most frequently procedures used for selecting contractors has been open tendering where the lowest bidder is awarded the contract [4] . However, the lowest bidder is not always the most economic choice in the long term as the client runs the risk of poor performance by that contractor during the project life. In seeking to minimise the aforesaid risks and failures and to enhance the performance levels of contractors a process to evaluate candidate contractors' ability to complete a contract satisfactorily before they are admitted into the bidding process is often applied [5] .
Several specific characteristics of the prequalification problem should be taken into account in order to obtain good results in the application of any prequalification model. These critical characteristics are [6] : 1. Prequalification is a multi-criteria problem. The proposed model should do analysis of the criteria on a simultaneous basis. 2. Prequalification contains risks inherited from different decision maker's opinion. 3 . Prequalification includes uncertain date given by different contractors. 4 . Prequalification contain subjective judgement made by decision makers. 5. Prequalification include nonlinear relationships between contractor's attributes and their corresponding prequalification decisions. 6. The model should be able to adapt the results to suite changes associated between different contractors. 7. It should be able to deal with qualitative as well as quantitative.
Contractor prequalification models
Contractor prequalification can be regarded as a multi-criteria problem: potential contractors are measured and judged in accordance with a set of criteria. Many multi-criteria techniques are proposed and applied for this problem solution such as multi-criteria decision making (MCDM) [7] [8] [9] , multi-attribute analysis (MAA) [10, 11] , multi-attribute utility theory (MAUT) [4, 12] , case-based reasoning (CBR) [13, 14] , cluster analysis (CA) [15] and graph theory (GT) [16] . However, most of these models are based on rather simplistic perceptions of the problem and they have important limitations when real-life contractor prequalification problems are handled.
Contractor prequalification often involves much inexact, uncertain and incomplete information therefore it is very difficult to measure, especially, the judgments and preferences of decision makers. The uncertainty is due mainly to the fuzziness and randomness associated with contractor performance, decision-maker experience, prequalification criteria and the qualitative judgements. These substantial uncertainties and subjectivities have hampered the applicability of many methods which have been used widely in prequalification problems and require high quality data.
Recently, some contractor prequalification approaches have been based on using linguistic assessments instead of numerical values. Fuzzy Set Theory [17] provides a useful tool to deal with decisions in which the phenomena are imprecise and vague, it enables to qualify imprecise information, to reason and make decisions based on vague and incomplete data [18] . This allows incorporating qualitative factors into decision making problems.
Fuzzy sets were for the first time used to build a contractor selection model by Nguyen [19] . He proposed a procedure of choosing a bidder taking into consideration 3 criteria: cost, presentation of bid information and past experience, as well as different scenarios of a construction owner's preferences.
A fuzzy neural network (FNN) model, amalgamating both the fuzzy set and artificial neural network theories, was developed by Lam [20] aiming to improve the objectiveness of contractor prequalification. Through FNN theory, the fuzzy rules as used by the decision makers can be identified and the membership functions by utilizing neural networks' learning capability can be tuned.
Singh and Tiong [21] presented a model which allows taking into consideration different types of criteria and characterizing them as sub-criteria, where the notion of Shapley value is used to determine relative importance of each criteria, and linguistic variables based on fuzzy numbers theory is constructed for decision makers to evaluate the contractor's attributes. It admits subjective evaluations of numerous decision-makers. Decision-makers can use linguistic variables both for the criteria and for the degree of satisfying them by contractors.
Li [22] proposed a fuzzy framework to solve construction contractor prequalification problems that takes full advantage of the experts' knowledge, experiences, and makes the decision-maker feels comfortable to give judgment on prequalification issue. The framework includes decision criteria analysis, weights assessment, and ranking orders determination of contractors. Relative importance of criteria and evaluation of criteria assigned by decisionmakers are expressed in linguistic variables and then a fuzzy arithmetical operation is employed to aggregate the fuzzy numbers into the final decisions. Once final fuzzy assessment of contractors have been obtained, four approaches, i.e., fuzzy number recognition (FNR) method, fuzzy TOPSIS (FT) method, fuzzy number weight center (FNWC) method, and simple defuzzification method are applied to rank contractors.
Plebankiewicz [23] presented a fuzzy model which takes into consideration both different criteria of contractor evaluation and the objectives the construction owner wants to achieve in the project. In the model, the elements of the fuzzy relation determine the relationship between objective c and contractor w through their respective relationships to criterion k. The construction owner has possibility to express his evaluation concerning the criteria weight, objectives and also satisfying the criteria by the contractors, using linguistic variables. Owing to the application of Fuzzy Set Theory, these variables are converted into a fuzzy numbers. In order to avoid a rather complicated mathematical apparatus the author worked in the proposal of a computer program supporting the prequalification procedure process.
Juan [24] proposed a hybrid approach combining Fuzzy Set Theory and quality function deployment (QFD) to establish a contractor selection model. The whole fuzzy-QFD process include five steps for determining the weights of client's requirements and criteria: This paper presents a proposal of a fuzzy contractor prequalification approach whose main differences and advantages in comparison with previous ones are the use of an algorithm to handle the inconsistencies in the fuzzy preference relation when pair-wise comparison judgements are necessary and the use of linguistic assessment and exact assessment of performance of the contractors on qualitative criterion and quantitative criterion, respectively.
Criteria of contractors' prequalification
A crucial task in contractor prequalification process is to establish a set of decision criteria through which the capabilities of contractors are measured and judged. [25] For contractor prequalification, a wide variety of criteria have been proposed [4, 10, 22, 23, 26] . Criteria for prequalification may vary between projects since the characteristics of them are distinct although there are some common characteristics of contractor prequalification. All the projects have a reasonable cost, require a reasonable quality, within a reasonable time and with reasonable security [29] .
Due to this, the most common criteria considered during the prequalification are those related with the following aspects: 1. Technical capacity. The contractor must demonstrate that it has the technical capacity to perform the activities of the specific project for which it is seeking the prequalification. 2. Experience: The contractor must demonstrate its participation in other previous projects, especially if they are similar to the project that will be executed. 3. Management capability. The contractor must demonstrate that it is capable of planning, organizing and controlling a project. 4. Financial stability. The client must reach an informed opinion regarding the overall financial position and capability of contractor.
5. Past performance: Considering the past performance of each contractor, the project manager will have a higher or lower degree of confidence in the possible contractors regarding the quality, time and cost control requirements 6. Occupational health and safety. To encourage contactors to establish and maintain effective systems to manage the risks to the health and safety of their employees, arising from the nature of the work To be more efficiently assessed, the main criteria above defined must be decomposed into sub-criteria. Without wishing to be exhaustive because sub-criteria can be different depending on the project nature, a basic decomposition of criteria into sub-criteria is shown in Table 1 . Table 1 Main Criteria and Sub-criteria for Contractor Prequalification
Linguistic variable.
A linguistic variable is a variable whose values are words or sentences in a natural language [18] . For example, if a linguistic variable is defined as the performance of a goal-oriented entity, its values can be represented by linguistics terms such as very small, small, medium, large and very large. The values defined for a linguistic variable will obviously depend on the problem context.
In those decision-making problems, in which it is relatively difficult to provide exact numerical values for the variables decision due to the availability and uncertainty of information, the concept of linguistic variables play a fundamental role. In these cases, the decision-maker prefers a linguistic assessment instead of an exact numerical assessment due to great subjectivity, imprecision and vagueness involved.
Since linguistic terms are not mathematically operable, to cope with this difficulty, each linguistic term is associated with a fuzzy number, which represents the meaning of each generic verbal term. Normally, the trapezoidal or triangular fuzzy numbers are most common in current applications [30] because they have more intuitive and more natural interpretation than fuzzy number with irregular shapes and calculations are less complicated.
Fuzzy set and fuzzy numbers
The Fuzzy Set Theory introduced by Zadeh [17] is suitable for dealing with imprecision and uncertainty associated with data in decision problems. In a universal set of discourse X, a fuzzy subset A of X is defined by a membership function μ A (x), which maps each element x in X to a 
where a, b, c, d are real numbers and a < b < c < d. If b=c, it is defined a triangular fuzzy number.
Research methodology
A decision model for contractor prequalification based on Fuzzy Set Theory is offered in this paper. The model involves a multi-criteria evaluation of contractors and the establishment of a classification of all the feasible contractors. The conceptual stages of contractor prequalification are shown in the model presented in Fig. 1 . At the first stage, a set of criteria for evaluating the potential contactors is established by taking into account the nature of construction project. The establishment of a proper evaluation criteria system is basic for an adequate classification of contractors, therefore, decision criteria must be reflected the project objectives, the needs of the clients and all the factors that influence the adequate project performance. To be efficiently assessed, decision criteria are decomposed into sub-criteria and a hierarchical structure of criteria is generated.
In many decision problems, decision criteria have not the same importance so a weight which represents its importance is assigned to each criterion. With a hierarchical structure of criteria, each criterion is associated with a local weight and a global weight. The local weight of a criterion is referred to the weight relative to other criteria at the same group and level, which is to be assessed using the pair-wise comparison process. The global weight of a criterion is referred to the weight relative to all other criteria for the overall objective of the decision problem.
To calculate the local weight of each criterion, experts are required to provide their comparative judgement on the relative importance of one criterion on other, belonging both to the same level and group in the hierarchical structure.
The pair-wise comparison usually involves much inexact, uncertain or incomplete information that is very difficult to measure the judgements and preferences of decision-maker. In this environment, based on Fuzzy Set Theory, assessments are described subjectively in linguistic terms such as "more important", "equally important", etc. An appropriate standard linguistic variable set is built to help expert to assess the relative importance of criteria pairwise. Since linguistic terms are not mathematically operable, to cope with this difficulty, each linguistic term is associated with a fuzzy number, which represents the meaning of each generic verbal term. This representation does not only depend on the concept but also on the context in which it is used. Even for similar contexts, fuzzy numbers representing the same concept may vary considerably therefore it must be carefully defined in accordance with the characteristics of the project.
Generally, the preference information about criteria expressed as a fuzzy preference relation presents inconsistency problems. The lack of consistency in the pair-wise criteria comparison matrices can lead to inconsistent set of local weights of criteria therefore a method in order to get a minimum consistency must be applied. The most of the research studies [6, 29] which apply the concepts of Analytic Hierarchy Process (AHP) determine if the comparison matrix is consistent or not by calculating the consistency ratio. If matrix is not consistent experts must reevaluate the relative importance of each pair of criteria therefore the expert's judgements are modified.
In this paper, other concepts are applied to handle with the inconsistency problem of the preference matrices. Since the preference information between criteria C i and C j , υ' ij , can also be reflected in their ranking values w i and w j , there exists an explicit function relation between υ' ij and w i and w j defined as
where ψ (w i ) can be any non-decreasing function [33] . In order to keep the simplicity of the method, if ψ(
Weak transitivity, i.e. υ ik ≥0.5 for υ ij ≥0.5 and υ jk ≥0.5, is the property that is usually accepted to deal with problems of fuzzy preference relations consistency [34, 35] . Due to the fuzziness of the opinions and the weak transitivity restriction considered, an accurate solution for this problem could not be found [36] . By the extension of this classical method to a fuzzy method, the w i and w j values are calculated by difference minimization method of the value υ ij , obtained directly from the experts, and the value υ' ij, defined as a ideal fuzzy preference relations which are consistent.
where υ' ij is defined as:
where i and j are criteria of group g and level l and  and  represents fuzzy addition and subtraction defined in Eqs. (A4) and (A5), respectively.
Once local weight of all criteria, w i , are calculated, the global weight, W i , of each criteria at the bottom level of the hierarchy is calculated as
where i is each one of the criteria at the lowest level of the hierarchy, t is the upper groups at different level in the criteria hierarchy, w (j) group is the group weight of the j th upper group which contain the criterion C i in the hierarchy and  represents fuzzy multiplication defined in Eq.(A6).
Another important and crucial task is to evaluate the rating of the contractor with respect to each evaluation criterion, i.e., to define the decision-making matrix, especially when evaluation criteria may have quantitative and qualitative dimensions. When the evaluation criterion is qualitative, most of the times, the decision-maker is not capable of defining in a strict way how good the contractor is, with regard to this criterion. In these situations, the decision-maker prefers assessments that are not exact but approximate and which are adjusted to the reality. Therefore, in these cases, in general, it is preferable for the decision-makers to evaluate their judgments by means of linguistic terms instead of real numbers. Therefore, two types of assessments are proposed: (i) when the evaluation criterion is quantitative, assessment are real numbers, and (ii) when evaluation criterion is qualitative, assessment are linguistic terms.
In the same way that linguistic assessments on the relative importance of pair of criteria are transformed into fuzzy numbers, the linguistic ratings of the contractors with respect to qualitative evaluation criteria are transformed into corresponding fuzzy numbers. Although "a priori" it seems no-sense the fuzzification of an exact value, to operate mathematically it is necessary to convert assessment in terms of real numbers into fuzzy number as well.
To define adequately the decision-making matrix, two aspects have to be considered: (i) the evaluation criteria are their own characteristics and each one of criteria data has their own dimension and distribution and (ii) the evaluation criterion have different importance on the final decision.
When each one of criteria data has their own dimension and distribution, it is difficult to directly compare or operate. As result, the original data of criteria evaluation should be dimensionless and unit-free by normalization method. The normalized fuzzy decision matrix can be represented as Ğ = [Ğ ij ] and its elements defined as:
when criterion Cj is a benefit item; or as
when criterion Cj is a cost item.
On the other hand, when criteria have not the same importance the rating of the contractor with respect each criterion must be recalculate by means of the multiplication of the original rating by the criteria weight.
By taking into account these two considerations, the weighted-normalized decision-making matrix is defined as:
where W j is the weight of criteria C j , Ğ ij are the elements of normalized decision-making matrix and  represents the fuzzy multiplication defined in Eq. (A6).
Finally, Technique for Order Performance by Similarity to Ideal Solution (TOPSIS) method [37] may provide the basis for classifying contractors. This method is based on the concept that the best alternative should have the shorter distance from the Positive Ideal Solution (PIS) and the farthest from the Negative Ideal Solution (NIS). For each contactor a closeness coefficient (CC) is calculated as:
where d i * is the distance of each contractor from PIS and d i ─ is the distance of each contractor from NIS defined as:
where d υ (, ) is the distance measurement between two fuzzy numbers defined in Eq. (A8) and
where J 1 and J 2 are the sets of benefit criteria and cost criteria, respectively.
According to descending order of CC, the ranking order of all contractors can be determined, although a more realistic approach may be to use a linguistic variable to describe the current assessment status of each contractor in accordance with its closeness coefficient. The interval [0,1] is divided into certain sub-intervals which are corresponded with each one of the proposed assessment status that may be "Do not recommended", "Recommended with risk" and "Approved".
Case study
The project manager of the rehabilitation project of a building at Technical University of Cartagena, shown in Fig. 2 , wanted to make a list of contractors able to realize this project. To do this he had to evaluate five contractors (A, B, C, D, E).
Fig. 2. University building to be rehabilitated
According to some contractor selection literature, an in-depth discussion to identify the appropriate contractor prequalification criteria was conducted by experienced project manager team. The most relevant criteria included technical capacity, experience, management capability, past performance, financial capability and occupational health and safety. These criteria were decomposed into sub-criteria as shown in Fig. 3 . Table 2 presents a description of each second-level criterion. Once decision criteria and possible candidates are identified, the computational procedure of the proposed method is summarized as follows:
Step 1. To define matrices of criteria pair-wise comparison, seven linguistic terms to express decision maker's opinion on the relative importance of each pair of criteria are used. These linguistic variables are "absolutely less important (AL), "strongly less important (SL)", "weakly less important (WL)", "equally important (E)", "weakly more important (WM)", "strongly more important (SM)" and "absolutely more important (AM)" whose corresponding fuzzy numbers are shown in Table 3 and Fig. 4 . The values of the criteria pair-wise comparison determine by decision maker are shown in Table 4 . Step 2. The importance weights of criteria is calculated in two phases: using Eq. (2) local weight of all criteria, w i , are calculated and, latter, global weights of criteria, W j , are derived by using Eq. (4). Local weights and global weights of criteria are shown in Table 5 . Table 5 Local weight and global weight of criteria Step 3. To evaluate the rating of the candidates with respect to each criterion, two evaluation systems are defined: using real numbers when criterion has quantitative dimension or using linguistic terms when criterion has qualitative dimension. In this latter case, five linguistic terms are used to measure the level of performance of each contractor with respect to each qualitative criterion. These linguistic terms are defined in Table 6 . Each linguistic term is associated with a triangular fuzzy number as shown in Table 7 and Fig.  5 . Neither it is possible to operate mathematically with a mixture of real and fuzzy numbers. To cope with this difficulty, real numbers are also transformed into triangular fuzzy number [38, 39] . For example, the crisp number 3 can be represented by triangular fuzzy number (3.0, 3.0, 3.0). The ratings of the five candidates under the various decision criteria are shown in Table 8 . Step 4. The normalized fuzzy decision matrix is constructed using Eqs. (5) and (7) as shown in Table 8 .
Step 5. Weighted normalized fuzzy decision matrix is constructed using Eq. (9) as shown in Table 9 . Step 6. Calculate the closeness coefficient of each supplier using Eq. (10) as shown in Table  10 . Step 7. Three classes of assessment status of contractors are defined as shown in Table 11 . It means that Ai is "approved". Therefore, the ranking order of the five contractors is C > {A > D > B} > E.
Conclusions
The success level of any construction project depends significantly on the selection of an adequate contractor. Contractor prequalification is a widely used process to select responsible and competent contractors to undertake the construction contract and deliver optimal results with minimal failures. Contractor prequalification can be regarded as a multi-criteria decision problem since potential contractors are measured and judged in accordance with a common set of criteria. Most of real-world prequalification problems involve uncertainty and imprecision in the estimates of performance ratings and criteria weights due to the own nature of construction projects and subjectivity of decision-makers' judgements. In this decision environment, it is too complex to reasonably describe the problem by conventional quantitative expressions; therefore it is more adequate to express decision-makers' judgments in qualitative form than quantitative one. Fuzzy Set Theory is an adequate tool to deal with vague, imprecise and uncertain problems by using the concept of linguistic variable, which is a variable whose values are words or sentences in a natural language instead, numerical values. In this paper, a contractor prequalification model, based on Fuzzy Set Theory, is presented. The advantages of this method, compared with other available prequalification methods, can be summarised as follows: 1. A hierarchical structure of criteria is generated to facilitate the process for assessing the weights of criteria. 2. Criteria weights are calculate from comparative judgement of criteria pair-wise which are expressed in linguistic terms. An algorithm to handle the inconsistencies in the fuzzy preference relation has been implemented. 3. The performance value of each contractor on each criterion is defined in exact numerical values or in linguistic terms if the criterion is quantitative or qualitative, respectively. 4. The implemented algorithm does not require cumbersome computations; however computational procedure has been programmed by MATLAB in order to solve the problem in a shorter and more accurate way. The proposed model is not intended to supplant the work of decision-making teams in the prequalification process, but rather to help them make quality evaluations of the available candidate contractors. The proposed method provides a systematic framework for contractor prequalification in a fuzzy environment that can be easily extended to the analysis of other classification problems in project management. However, improving the approach for solving contractor prequalification problems more efficiently and developing a group decision support system can be considered as a topic for future research. Property 1 [32] . An arbitrary fuzzy number A can fully and uniquely be represented as:
where U denotes the standard fuzzy union and α_A α denotes the special fuzzy set which membership function is defined as: 
Property 3 [40] . Given two positive fuzzy numbers A and B, which α-cuts are denoted as where n is the number of α-cuts defined for A and B and the distance between α-cuts is defined as:
